Abstract
iNTRODUCTiON
Growth is an important process in understanding plant response to environmental conditions since it integrates across scales from plant to community dynamics and ecosystem properties (Paine et al. 2012) . In particular, the early-life cycle stages of a plant are highly sensitive to environmental variations (Bond and van Wilgen 1996; Cochrane et al. 2015) .
In their natural environments, plants experience large spatial and temporal variations in temperature (Larcher 2000) and the optimum temperature for growth may potentially differ among and within species (Villar et al. 2005) .
A useful indicator of the extent to which a species is using its photosynthates for growth is the relative growth rate (RGR) (Gratani et al. 2008) , which is known to be affected by environmental factors, including temperature (Lambers et al. 1998) . In particular, maximum RGR (RGR max ) is a key trait explaining the distribution of species along environmental gradients, which qualifies it as an important functional trait (Vile et al. 2006) . During the last decades, there has been an increasing interest to determine RGR max of plant species but most of these studies have been carried out under controlled conditions (laboratory or greenhouse) (Villar et al. 2005) . This has the advantage of estimating RGR max and to identify the causes of its variation under standard conditions (Villar et al. 2005) . Nevertheless, most of these studies have been carried out at a single growth temperature (typically 20-25°C) or at different temperature treatments (e.g. Loveyes et al. 2002) , resulting in the lack of information on the dynamic relationship between RGR and changing mean daily air temperature. The knowledge of both long-and short-term temperature responsiveness of RGR may be useful considering the forecasted increases of daily, seasonal and annual mean temperatures due to global climate change (Atkin et al. 2006; Loveys et al. 2002) . This is of particular importance for those species distributed in the Mediterranean basin which is one of the most prominent 'Hot-Spots' in future climate change projections (Giorgi 2006) .
The genus Cistus comprises 21 summer drought semideciduous shrub species with a predominantly Mediterranean distribution (Guzmán et al. 2009 ). They are characterized by drought-avoiding phenology, displaying two different leaf cohorts during a year (i.e. summer and winter leaves) (Aronne and De Micco 2001) . Their phenological behavior is considered to be the main adaptive feature to the Mediterranean type of climate (Gratani and Crescente 1997) . Moreover, Cistus spp. are pioneer species that show enhanced germination and seedling recruitment after fires (de Dato et al. 2013) . Thus, Cistus species are important components of the Mediterranean ecosystems acting as a source of nutrients to the soil and facilitating vegetation succession after disturbance (de Dato et al. 2013; Simões et al. 2009) . A great effort has been made in investigating the germination capability of Cistus spp. (e.g. Delgado et al. 2008; Olmez et al. 2007a,b; Pela et al. 2000; Roy and Sonie 1992; Tavşanoğlu and Çatav 2012) and their phenological and physiological adaptations to the Mediterranean climate (e.g. Aronne and De Micco 2001; Catoni et al. 2012; de Dato et al. 2013) . Nevertheless, to the best of our knowledge, the relationship between RGR and temperature in Cistus spp. during early growth stages has never been investigated.
Moreover, since under the Mediterranean climate species ability to grow in short periods, when water availability and temperature are favorable, is a key factor in determining the ability to establish itself (El Aou-Ouad et al. 2015) , the aims of the present study were: (i) to analyze the temporal (i.e. daily) RGR changes during early growth stages of three Cistus species (i.e. C. salvifolius, C. monspeliensis and C. creticus subsp. eriocephalus) from different provenances and (ii) to define the relationship between RGR and mean daily air temperature for each of the considered provenance. In particular, our hypothesis was that intra-specific temporal variations in RGR reflected differences in the behavior to maximize RGR in response to temperature.
Plant material, study site and climate
Information on the distribution and habitat requirements for the selected species are shown in Table 1 .
Seeds of C. monspeliensis, C. salvifolius and C. creticus subsp. eriocephalus (hereafter referred as CM, CS and CE, respectively) from different provenances (n = 100 seeds per species and provenance) were obtained from the Sardinian Germplasm Bank (BG-SAR). Seeds storage in BG-SAR follows the Quézel (1985) protocols reported in Bacchetta et al. (2008 Pela et al. (2000) as follows: distilled water was boiled to ~100°C and the heat source removed. Then the seeds were soaked in the hot water for 35 s. Seeds were then placed on wet filter paper discs in Petri dishes and incubated in a germination chamber (type CC7, Amcota, Italy). For the 'light' treatment, the following regime was applied: 12:12 h light-dark cycle at 15/6°C. The selected protocol ensures the maximum germination percentage for Cistus spp. (Pela et al. 2000) . The percentage of germination ranged between 32% and 44% for pooled provenances. Thus, 15 replicates per each provenance were established.
In March 2015, seedlings were transplanted to 10 l pots containing an organic commercial substrate (COMPO BIO, COMPO GmbH, Germany) with the following composition: organic carbon (C) 35%, humic carbon 11%, organic nitrogen (N) 1.4%, carbon on total nitrogen ratio of 25, peat (65%) and pH(H 2 O) 6.0-7.0. Seedlings were arranged in a completely randomized design (i.e. replications are assigned completely at random to independent experimental subjects) and grown outdoor in the experimental garden of the Sapienza University of Rome (41°54′N, 12°31′E; 41 m a.s.l.). Rome has a Mediterranean type of climate (Fig. 1) . The mean minimum air temperature of the coldest month (January) was 4.9°C, the mean maximum air temperature of the hottest month (August) was 31.0°C (data from the Meteorological Station of Roma Macao, Ufficio Idrografico e Mareografico, Lazio Regional Agency, for the period . During the study period (May-August 2015), the mean air temperature (T a ) was 21.7 ± 6°C, and total rainfall was 98.6 mm.
Growth analysis
Plants were monitored every 8 days in the period MayAugust 2015 (i.e. 88 days). In each sampling day, measurements were carried out on 15 randomly selected plants per provenance. Seedling mortality was also recorded. The following parameters were monitored: plant height (H, cm), defined as the major distance from the soil level to the highest point of the plant; leaf length (Ll, cm) and width (Lw, cm), determined in each sampling occasion on 60 fully expanded young leaves per provenance; total number of leaves produced (n) and total number of internodes produced (n). The ratio between Lw and Ll (Lw/Ll) was used as a leaf shape index (Guzmán et al. 2009 ). Leaf production rate (LPR) was calculated according to Cochrane et al. (2015) as the natural log of the difference between the number of leaves at first sampling (May 2015) and the number of leaves at the end of the growth period (August 2015), divided by the number of days between the two time periods. Measurements were carried out until no significant differences in H between provenances were observed. Leaf mass area (LMA, mg·cm −2 ) was determined by the ratio between leaf dry mass and leaf area at the end of the study period on 60 fully expanded leaves per provenance. Given the asymptotic form of H data, asymptotic non-linear models were used to describe H variations in function of time, following the methodology reported in Paine et al. (2012) . In particular, the three-parameter logistic, the four-parameter logistic and the Gompertz functions were tested. The threeand four-parameter logistic models were implemented in R (R Development Core Team 2011) with the SSlogis and SSfpl functions, respectively (Pinheiro and Bates 2000) . Gompertz models were implemented with the SSgompertz function. The fit of these growth functions allows estimation of: initial height (H 0 ), growth rate of the function (r), higher asymptotic height (K) and lower asymptotic height (L). H data were logtransformed in order to reduce heteroscedasticity. The models were ranked by their value of Akaike Information Criterion (AIC). The model with the lowest AIC value (i.e. ΔAIC = 0) was selected as the best model. Once the best model was selected, average predictions of H were generated following the procedure of Araújo et al. (2005) . In particular, five random samples of the original H data, stratified per sampling day, were generated by using Statistica10 (Statsoft, USA). Five runs were made with the best model selected. In each run, the model was calibrated on the 70% random stratified sample of the original H data. The predictive accuracy of the model was evaluated on the remaining 30% of the H data by simple linear regression analysis (i.e. Predicted vs. Observed values). The procedure was repeated for each species and provenance. Models for each provenance were generated by the mean coefficient values (±SD). Averaging predictions is often preferred, since they give the lowest error (Ripley 1996) . The obtained models (±SD) were then used to calculate RGR (cm·cm −1 ·day −1
) as the derivative with respect to time of the functions used to predict height divided by current height, according to Paine et al. (2012) .
Temperature dependency of RGR max
The relationship between RGR and mean daily air temperature (T mean , °C) was evaluated through the Curve finder function of CurveExpert 1.4 (Hyams Development, TN, USA). This function employs a large number of regression models (both linear and non-linear) and each curve fit is ranked according to its standard error and correlation coefficient. Once the best model was selected, the degree of temperature dependency of the maximum RGR (RGR max ) per each provenance was evaluated through the relationship between RGR max and the coefficients of the best regression model. T mean data have been supplied from the Meteorological Station of Roma Macao (Ufficio Idrografico e Mareografico, Lazio Regional Agency) for the period May-August 2015. The meteorological station stands 0.84 km far from the experimental site.
RESULTS
Seedling mortality during the course of the experiment was generally low, ranging between 0 and 7% and it was observed during the first 3 weeks of growth analysis, without a clear pattern among the considered provenances.
The three-parameter logistic was best model to describe H variations in function of time for all the provenances (Table 2) , with mean R 2 ranging between 0.85 (±001) and 0.95 (±0.004) (online supplementary Table S1 ). The predictive ability of the models (i.e. Predicted vs. Observed values) is shown in online supplementary Table S2 . H max did not show significant differences between provenances for both CM and CS while it was 14% greater (P < 0.05) in CES than in CEF (Table 3 , Fig. 2 ). The number of produced internodes was positively correlated with H (R = 0.97 ± 0.01, P < 0.0001) in all the provenances. LPR did not show significant differences between provenances in CS and CE, while it was significantly higher (by 23%) in CMS than in CMSp (Table 3) . Leaf shape turns from lanceolate-elliptic (Lw/Ll = 0.35 ± 0.08) to linear-lanceolate (0.18 ± 0.06) in CM, from ovate (0.58 ± 0.12) to ovate-lanceolate (0.38 ± 0.01) in CS, while in CE leaf shape was ovate-lanceolate during all the study period with Lw/Ll ranging between 0.31 ± 0.02 and 0.40 ± 0.04. LMA did not show significant difference between provenances in each of the considered species (Table 3) . , n = 60), LPR and number of internodes produced are shown. Provenances are labeled as reported in Table 2 . Different superscript letters indicate significant intra-specific differences (one-way ANOVA, P ≤ 0.05). RGR max showed a delay of 6 ± 3 days in individuals from eastward provenances (i.e. CMS, CSS and CEF) compared to individuals from westward provenances (i.e. CMSp, CSSp, CES) (Fig. 3) . RGR max was higher (P < 0.05) in CEF than in CES (0.069 ± 0.006 and 0.047 ± 0.005 cm·cm , respectively) ( Table 3) while it was 10% (P > 0.05) and 23% (P < 0.05) higher in CSS and CMS than CSSp and CMSp, respectively.
The relationship between RGR and T mean was described by the Gaussian Model (R = 0.89 ± 0.03) ( Table 4 , Fig. 4 ) in the form:
where a is a constant, b represents the temperature at which RGR max is reached (T max ) (i.e. the horizontal asymptote of the function) and c the width of the pick in the curve, which reflects the T mean -dependent relative change of RGR up to RGR max, and can thus represent a measure of RGR temperature responsiveness (i.e. a lower value of c indicates a higher RGR temperature responsiveness) (Table 4 ). These coefficients were used to analyze the temperature dependency of RGR max . T max and c were negatively correlated (R = −0.84, P < 0.0001).
T max was positively correlated with RGR max (slope = 0.01, R = 0.87, P < 0.0001) while c negatively (slope = −0.01, R = 0.97, P < 0.0001) (Fig. 5) . On average, lower T max (by 4%) and higher c (by 24%) were observed in individuals from westward provenances (i.e. CMSp, CSSp and CES) than individuals from eastward provenances (CMS, CSS and CEF) ( Table 4 , Fig. 5 ).
DiSCUSSiON
The growth analysis for the considered Cistus species highlights both trait homeostasis and variations between provenances. In particular, leaf parameters (i.e. LPR and LMA) Table S1 . Horizontal dashed lines show the predicted mean asymptotic height per each provenance (SD is reported in Table 3 and removed for clarity from the figure).
and the number of internodes produced do not show significant intra-specific differences. The only exception is a significantly higher LPR in C. monspeliensis from Sardinia (CMS) than from Spain (CMSp) which reflects a greater (by 21%, P > 0.05) number of internodes produced in CMS. Moreover, a very low seedling mortality during the first weeks was observed. Hanley and Fenner (1997) show similar results for other Cistus species grown with a different nutrient supply. In fact, seedling mortality in Cistus species is known to be related to short stressful events within the first weeks after establishment (Quintana et al. 2004) . Actually, during our study period, stress events did not occur since the mean monthly temperatures did not exceed the mean temperatures for the period 2006-14. Moreover, plants were regularly watered to prevent water stress in absence of rainfall, thus contributing to reduce seedling mortality. Differences were observed in H max , which decreased in plants from eastward provenances (i.e. CEF, CMS and CSS) in respect to westward provenances. This result can be justified by analyzing the different responses of RGR max to T mean at the intra-specific level. Individuals from eastward provenances have a higher RGR max (on average by 26%) that is reached at a lower c value and at a higher b (i.e. higher T max ). However, the linear regression RGR max vs. T max shows intra-specific differences in T max . ΔT max is 2.03°C in CE, followed by CM (ΔT max = 1.23°C) and CS (ΔT max = 0.64°C). Since T max and c are negatively correlated, the differences in T max result in a reduction of c by 32%, 13% and 12% in CEF, CMS and CSS, respectively, compared to their westward counterparts. This highlights a higher temperature responsiveness of RGR in individuals from eastward provenances, as well as a narrower temperature window within their RGR can be maximized. Villar et al. (2005) argue that a different response to changing environmental conditions, such as temperature, light or soil moisture, have to result in different temporal changes in species RGRs during early growth stages. In our experiment, soil moisture was not limiting and light had a marginal effect in consideration of the high correlation coefficient for the regression RGR-T mean (ranging between 0.84 and 0.91). This suggests that the different T mean responsiveness among the considered provenances drive to the slight delay in reaching RGR max for eastward provenances. Similar findings are reported by Skálová et al. (2016) which highlight temperature as the Table S1 (±SD, n = 5 per provenance) divided by current height. Mean values ± SD (n = 3 per provenance) of the correlation coefficient (R) is also shown. ) and the value of mean daily temperature to reach RGR max (mean daily temperature for RGR max , °C), corresponding to the coefficient b reported in Table 4 , and (b) RGR max (cm·cm ) and the relative change of RGR up to RGR max , corresponding to the coefficient c reported in Table 4 . Provenances are labeled as reported in Fig. 2 (pooled data for all the considered provenances, n = 18, P < 0.0001). main determinant of common ragweed's growth capacity. Moreover, plotting RGR against H and comparing the curves in the same range of height (data not shown), RGR is always higher in eastward than westward provenances, confirming that plants from eastward tend to be fast-growing in a shorter time due to a narrower temperature window (i.e. at higher temperatures). A simple view of the effects of higher temperature on plant size is that the stimulation of growth of existing meristems/organs causes faster development but the duration of phases is shortened (Morison and Lawlor 1999) . Thus, the time to supply the assimilated to the growing organs decreases resulting in fewer and smaller organs which determine a smaller size (Morison and Lawlor 1999) . This fits the observed trend of the H max decrease associated to the higher RGR max moving eastward, nevertheless, the differences in ΔT max and c reflect a lower sensitivity to T mean for CM and CS, explaining why these species do not show significant intra-specific differences in H max . Moreover, the lower H max in response to a higher RGR temperature responsiveness up to RGR max deserves particular concern considering that during early growth stages, Cistus spp. have a low competitive ability for light (Quintana et al. 2004) . Niinemets (2015) highlights that the mean annual temperature is positively correlated with the longitude (R = 0.367, n = 323, P < 0.001) in the Mediterranean basin, justifying that eastern individuals reach RGR max at lower c and at higher T max . Considering that this is associated to a slight delay in reaching RGR max , this confirms that the growth period may be shortened for the eastern plants of the selected species. The multiple regression analysis confirms that RGR max is dependent on the longitude.
Thus, the forecasted increase of air temperature in the Mediterranean basin (Giorgi and Lionello 2008) could alter the highlighted trade-off (i.e. RGR max vs. T max , c). In particular, the increase in temperature could result in a higher RGR max in a shorter time resulting in an even smaller size. This can alter the competitive ability of the selected species since plant height is allometrically related to biomass, which in turn is strongly correlated with the fitness (Ackerly et al. 2000) . Cochrane et al. (2015) argue that species developing under Mediterranean conditions can buffer the increase in air temperature by the early seedling emergence in cool winter months. This seems unlikely for Cistus species since cold treatments do not increase Cistus spp. germination either in greenhouse or field experiments, even if heat pre-treatments are imposed (Nadal et al. 2002; Olmez et al. 2007a,b) . Moreover, high seedling mortality is observed in winter for Cistus spp. (Quintana et al. 2004) , suggesting that seedling establishment and the early growth for the selected species could fall mainly in autumn and spring.
From an ecological point of view, a lower c to reach RGR max when temperature window is narrower represents a mechanism that favors seedling recruitment to a great extent under Mediterranean conditions where the optimum period for plant growth is shortened by both winter chilling temperatures and summer drought (Cochrane et al. 2015; El AouOuad et al. 2015; Quintana et al. 2004) . This is particularly true for Cistus spp., which develop in fire prone environments where the seedlings establishment window after fire might be rather narrow, and potentially restricted to the first year after disturbance (Quintana et al. 2004 ). In conclusion, our results confirm our working hypothesis as the Cistus species investigated show a provenance dependent behavior in maximizing RGR during early growth stages partially relying on the tradeoff RGR max vs. T max ,c during the favorable period, be it before winter or the onset of summer drought.
CONCLUSiONS
The results of this study reveal intra-specific variability in temperature dependency of RGR max during the early growth stages in three Cistus species. Despite species-specific responses are highlighted, individuals from eastward provenances show a higher RGR temperature responsiveness up to RGR max than westward provenances. This difference is related to a narrower temporal and temperature window in which maximize RGR moving eastward. Nevertheless, a greater temperature sensitivity of RGR up to RGR max leads to a reduced H max reflecting that the length of the developmental phase is affected by the extent of RGR temperature responsiveness. Since our experiment was carried out under not stressful conditions (i.e. not limiting water, nutrients and light availability), we conclude that variations in temperature responsiveness of RGR up to RGR max , as well as its extent, have a significant role in shaping the early growth for the selected species. Moreover, the highlighted variations appear to be genetically fixed and were not dependent from the species.
According to the ecology of Cistus spp., our findings quantitatively define provenance related strategies by which the selected species cope with daily air temperature variations during early growth and provide a parameter that summarize the temperature responsiveness of RGR up to RGR max for the three considered species.
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